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(57) ABSTRACT 

A proceSS for the preparation of nanostructured materials in 
high phase purities using cavitation is disclosed. The method 
comprises mixing a metal containing Solution with a pre 
cipitating agent and passing the mixture into a cavitation 
chamber. The chamber consists of a first element to produce 
cavitation bubbles, and a Second element that creates a 
preSSure Zone Sufficient to collapse the bubbles. The proceSS 
is useful for the preparation of mixed metal oxide catalysts 
and materials for piezoelectricS and Superconductors. 

23 Claims, 2 Drawing Sheets 
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METHOD OF PREPARING METAL 
CONTAINING COMPOUNDS USING 
HYDRODYNAMIC CAVITATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. application Ser. 
No. 10/047,452 filed on Jan. 15, 2002, now U.S. Pat. No. 
6,589,501, which is a continuation of U.S. application Ser. 
No. 09/426,254 filed on Oct. 25, 1999, now U.S. Pat. No. 
6,365,555. 

BACKGROUND OF THE INVENTION 

Cavitation is the formation of bubbles and cavities within 
a liquid Stream resulting from a localized pressure drop in 
the liquid flow. If the pressure at Some point decreases to a 
magnitude under which the liquid reaches the boiling point 
for this fluid, then a great number of vapor-filled cavities and 
bubbles are formed. As the pressure of the liquid then 
increases vapor condensation takes place in the cavities and 
bubbles, and they collapse, creating very large preSSure 
impulses and very high temperatures. According to Some 
estimations, the temperature within the bubbles attains a 
magnitude on the order of 5000 C. and a pressure of 
approximately 500 kg/cm (KS Suslick, Science, Vol. 247, 
23 March 1990, pgs. 1439–1445). Cavitation involves the 
entire Sequence of events beginning with bubble formation 
through the collapse of the bubble. Because of this high 
energy level, cavitation has been Studied for its ability to mix 
materials and aid in chemical reactions. 

There are Several different ways to produce cavitation in 
a fluid. The way known to most people is the cavitation 
resulting from a propeller blade moving at a critical Speed 
through water. If a Sufficient pressure drop occurs at tile 
blade Surface, cavitation will result. Likewise, the move 
ment of a fluid through a restriction Such as an orifice plate 
can also generate cavitation if the pressure drop acroSS the 
orifice is sufficient. Both of these methods are commonly 
referred to as hydrodynamic cavitation. Cavitation may also 
be generated in a fluid by the use of ultrasound. A Sound 
wave consists of compression and decompression cycles. If 
the pressure during the decompression cycle is low enough, 
bubbles may be formed. These bubbles will grow during the 
decompression cycle and contract or even implode during, 
the compression cycle. The use of ultrasound to generate 
cavitation to enhance chemical reactions is known as 
Sonochemistry. 

Both of these methods of cavitation to enhance mixing or 
aid in chemical reactions have had mixed results, mainly due 
to the inability to adequately control cavitation. U.S. Pat. 
Nos. 5,810,052, 5,931,771 and 5,937,906 to Kozyuk dis 
close an improved device capable of controlling the many 
variables associated with cavitation and the use of Such a 
device in Sonocemical type reactions. 

Metal-based materials have many industrial uses. Of 
relevance to the present invention are those Solid State 
metal-based materials. Such as catalysts, piezoelectric 
materials, Superconductors, electrolytes, ceramic-based 
products, and oxides for uses Such as recording media. 
While these materials have been produced through normal 
co-precipitation means, U.S. Pat. Nos. 5,466,646 and 5,417, 
956 to Moser disclose the use of High shear followed by 
cavitation to produce metal based materials of high purity 
and improved nanosize. While the results disclosed in these 
patents are improved over the past methods of preparation, 
the inability to control the cavitation effects limit the results 
obtained. 
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2 
SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to a process 
for producing metal based Solid State materials of nanostruc 
tured size and in high phase purities utilizing controlled 
cavitation to both create high shear and to take advantage of 
the energy released during bubble collapse. 
The proceSS generally comprises the Steps of 
(a) mixing a metal containing Solution with a precipitating 

agent to form a mixed Solution that precipitates a 
product; 

(b) passing said mixed Solution at elevated pressure and 
at a Velocity into a cavitation chamber, wherein Said 
cavitation chamber has means for creating a cavitation 
Zone and means for controlling Said Zone, and wherein 
cavitation of the mixed Solution take place, forming a 
cavitated precipitated product; 

(c) removing said cavitated precipitated product and said 
mixed Solution from Said cavitation chamber; and 

(d) Separating Said cavitated precipitated product from 
Said mixed Solution. 

The process according to the present invention preferably 
employs a special apparatus to carry out Step (b) in the 
process. Such a Suitable apparatus may be found in U.S. Pat. 
No. 5,937,906 to Kozyuk, which disclosure is incorporated 
by reference herein. 
The present invention is particularly Suitable for produc 

ing nanophase Solid State materials Such as metal oxides and 
metals Supported on metal oxides. The Synthesis of nano 
Structured materials in high phase purities is important for 
obtaining pure metal oxides and metals Supported on metal 
oxides for applications in catalytic processing and electronic 
and structural ceramics. The Synthesis of Such materials by 
hydrodynamic cavitation results in both nanostructured 
materials as well as high phase purity materials due to the 
fact that Such processing results in high shear and high 
temperature local heating, applied to the Synthesis Stream 
components. High Shear causes the multi-metallics to be 
well mixed leading to the high phase purities and nanostruc 
tured particles, and the high in Situ temperatures results in 
decomposition of metal Salts to the finished metal oxides or 
metals Supported on metal oxides. The present invention 
may decompose at least Some of the metal Salts, and 
preferably all of the metal salts. 
The advantage of the latter aspect is that materials pro 

duced by controlled cavitation do not require post Synthesis 
thermal calcination to obtain the finished metal oxides while 
conventional methods of Synthesis requires a high tempera 
ture calcination Step to decompose the intermediate metal 
Salts. Such as carbonates, hydroxides, chlorides etc. Such 
StepS are often exothermic and hazardous to accomplish on 
an industrial Scale. 
The ability to synthesize advanced materials by hydro 

dynamic cavitation requires that the equipment used to 
generate cavitation have the capability to vary the type of 
cavitation that is instantaneously being applied to the Syn 
thesis proceSS Stream. The Subject invention utilizes con 
trolled cavitation to efficiently alter the cavitational condi 
tions to meet the Specifications of the desired material to be 
Synthesized. The importance of the method is a capability to 
vary the bubble Size and length of the cavitational Zone, 
which results in a bubble collapse necessary to produce 
nanostructured pure phase materials. The correct type of 
bubble collapse provides a local shock wave and energy 
release to the local environment by the walls of the collaps 
ing bubbles which provides the Shear and local heating 
required for Synthesizing pure nanostructured materials. The 
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cavitation method enables the precise adjustment of the type 
of cavitation for Synthesizing both pure metal oxide mate 
rials as well as metals Supported on metal oxides, and 
Slurries of pure reduced metals and metal alloys. A further 
capability of the method, which is important to the Synthesis 
of materials for both catalysts and advanced materials for 
electronics and ceramics, is the ability to Systematically vary 
the grain sizes by a simple alteration of the proceSS condi 
tions leading to cavitation. The importance of this aspect of 
the technology is the well known phenomena that many 
catalytic processes show reaction rates which are greatly 
accelerated by catalysts having grain sizes in the 1-10 run 
range. Furthermore, materials used in ceramic as well as 
Structural ceramics applications have been observed to den 
sity at higher rates and to higher densities when the Starting 
materials can be Synthesized in the optimum fine grain size. 

The importance of the said described invention is that it 
is a general method of Synthesis of nanostructured materials 
in high phase purities while all known conventional methods 
of Synthesis results in lower quality materials. The Said 
invention has the capability to Synthesize Single metal 
oxides in varying grain sizes of 1-20 nm, multimetallic 
metal oxides in varying grain sizes and as Single phase 
materials without the presence of any of the individual metal 
oxide components of the desired pure materials situated on 
the Surface of the desired pure material. Furthermore, the 
Synthesis of reduced metals Supported on metal oxides in 
both grain sizes of 1-20 nm and the capability to vary the 
grain sizes between 1-20 nm is also possible. Due to these 
unique capabilities, as compared to conventional methods of 
Synthesis, the Said method affords high quality catalysts, 
capacitors, piezoelectrics, novel titanias, electrical and oxy 
gen conducting metal oxides, fine grains of Slurries of finely 
divided reduced metals, and Superconductors. Conventional 
methods of Synthesis have demonstrated the capabilities to 
Synthesize Some of these materials in high purity and fine 
grains; however, these processes have required a Substantial 
adjustment in the chemistry of the Synthesis of Such mate 
rials. The problem with the conventional approach to the 
Synthesis of high quality Solid State materials is that the 
theory controlling precipitation and the chemistry of Syn 
thesis is not well understood or controllable. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows the variation in the strain and grain size of 
a piezoelectric as a function of orifice size; and 

FIG. 2 is an XRD comparison of a piezoelectric prepared 
according to the present invention and by classical prepa 
ration. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The apparatus utilized in the present invention consists of 
a pump to elevate the pressure of the liquid being fed to the 
apparatus, and a cavitation Zone within the Apparatus. The 
cavitation Zone comprises: 

(a) A flow-through channel having a flow area, internally 
containing at least one first element that produces a 
local constriction of the flow area, and having an outlet 
downstream of the local constriction; and 

(b) A second element that produces a second local con 
Striction positioned at the outlet, wherein a cavitation 
Zone is formed immediately after the first element, and 
an elevated pressure Zone is created between the cavi 
tation Zone and the Second local constriction. 

The liquid is first preSSurized, and then enters the flow 
through channel. A local constriction in the channel creates 
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4 
an increase in the Velocity of the liquid flow to Some 
minimum velocity, creating a Sufficient pressure drop to 
allow cavitation to occur. On average, and for most hydro 
dynamic liquids, the minimum velocity is 16 m/sec or 
greater. 
The first element producing the local constriction may 

take many different shapes. It may be of the form of a cone, 
or spherical or elliptical shape, and can be located in the 
center of the flow channel. It is possible to use a crosshead, 
post, propeller, nozzle or any other fixture that produces a 
minor loSS in pressure. Preferred is one or more orifices or 
baffles. By varying the size of the orifice, the apparatus is 
able to better control the size of the cavitation bubbles being 
formed. The orifice may have one or more circular or slotted 
openings. 
The cavitation bubbles then are transported by the flow of 

liquid immediately into a cavitation Zone, which comprises 
numerous cavitation bubbles. The cavitation bubbles then 
flow with the liquid into an elevated pressure Zone. By 
having a Second element in the flow channel downstream of 
the cavitation Zone, a back pressure is created to form the 
elevated pressure Zone. The Second element can also take 
many shapes, but an element Similar in operation to a control 
Valve is preferred. By controlling the preSSure in this Zone, 
the apparatus is able to determine the length of the cavitation 
Zone and determine when bubble collapse will occur. Upon 
entering the elevated pressure Zone, the cavitation bubbles 
collapse, resulting in high pressure implosions with the 
formation of shock waves that emanate from the point of 
each collapsed bubble. Under the high temperatures and 
preSSures caused by bubble collapse, the liquid on the 
boundary of the bubble, and the gas within the bubble itself, 
undergo chemical reactions depending upon the materials in 
the feed. These reactions may be oxidation, disintegration or 
Synthesis, to name a few. 

In another aspect of the invention, the Second element can 
be the first element of a Second cavitation Zone. In this 
manner two or more cavitation Zones may be placed in Series 
to produce a multi-stage apparatus. Each cavitation Zone is 
controllable depending on the first element Selected for the 
next cavitation Zone, the distance between each first and 
Second element, and by the final Second element at the end 
of the multi-stage apparatus. 

In yet another aspect of the invention, the Second element 
can be as simple as a extended length of the channel, a turn 
or elbow in the channel, or another piece of processing 
equipment. The Second element must provide Some back 
preSSure to create the cavitation and elevated pressure Zones. 
The desired cavitated products are then removed from the 

liquid by Suitable Separation techniques, Such as Vacuum 
filtration, filtration and evaporation. Prior to or after removal 
of the cavitated products, the liquid may be recycled back to 
the cavitation chamber. Recycle of the unfiltered product 
may occur many times. Where multi-stage cavitation cham 
bers are used, recycle may be to one or more of the 
chambers. AS the length of the period of recirculation 
increases, the resulting final product generally has a higher 
degree of phase purity and Smaller particle size. 
The nanostructured materials of the present invention are 

typically prepared by precipitation of the desired product 
from a metal containing Solution. The metal containing 
Solution normally is acqueous, but can be non-aqueous. At 
least one component of the metal containing Solution must 
be in a liquid State and be capable of creating cavitation. 
Other components may be different liquids, Solids, gasps, or 
mixtures thereof. The liquid component could be materials 
commonly thought of as liquid, or can be materials com 
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monly thought of as Solid or gas being processed in their 
liquid State. Examples of Such materials are molten metals 
and molten minerals, as long as the vapor pressure is 
Sufficiently low enough to generate bubbles, and liquid 
carbon dioxide. 

Most metals are in the form of salts. However, in the case 
of certain precious metals the metal may be added in the 
form of an acid Such as chlorplatinic acid. Examples of 
Suitable Salts include nitrates, Sulfates, acetates, chlorides, 
bromides, hydroxide, oxylates and acetylacetonates. The 
metal may be cobalt, molybdenum, bismuth, lanthanum, 
iron, Strontium, titanium, Silver, gold, lead, platinum, 
palladium, yttrium, Zirconium, calcium, barium, potassium 
chronmium, magnesium, copper, Zinc, and mixtures thereof, 
although any other metal may find use in the present 
invention. For example, iron oxide may be made from ferric 
nitrate hydrate, barium titanate from a mixture of barium 
acetate in water and titanium tetraiSopropoxide in isopropyl 
alcohol, and a ceramic Such as lanthana from lanthanum 
nitrate. Complex metal catalysts Such as iron bismuth moly 
bate may be formed utilizing the appropriate metal Salts. 
A class of metals typically Suited for piezoelectric, mate 

rials are lanthanum, titanium, gold, lead, platinum, palla 
dium yttrium, Zirconium, Zinc and mixtures thereof A class 
of metal typically Suited for Superconductors are Strontium 
lead, yttrium, copper, calcium, barium and mixtures thereof. 

The solution into which the salt is dissolved will depend 
upon the particular metal Salt. Suitable liquids include water, 
aqueous nitric acid, alcohols, acetone, hydrocarbons and the 
like. 

The precipitating agent may be Selected from any Suitable 
basic material Such as Sodium carbonate, ammonium 
carbonate, potassium carbonate, ammonium hydroxide, 
alkali metal hydroxide or even water where the metal salt 
reacts with water. Any liquid which causes the desired metal 
salt to precipitate from solution due to insolubility of the 
metal Salt in the liquid may be a precipitating agent. 

In the embodiments where recycling occurs, it is desirable 
that the pH of the mixed solution be maintained on the basic 
Side, usually between 7.5-12. However, the range is depen 
dent on the precise material being Synthesized. 

In the case of preparing catalysts, a Support may be added 
directly to the metal containing Solution, the precipitating 
agent or both. Suitable Supports include alumina, Silica, 
titania, Zirconia and alumino-Silicates. The Support may also 
be added in the form of a Salt, Such as alumina being added 
as aluminum nitrate hydrate where the Support itself is 
precipitated in the form of nanostructured grains imder 
cavitational conditions. 

Zeolites such as ZSM-5, X-Type, Y-Type, and L-Type 
may be prepared using the process of the present invention. 
Metal loaded Zeolitic catalyst; typically contain a metal 
component Such as platinum, palladium, Zinc, gallium, cop 
per or iron. The metal Salt Solution, the precipitating agent 
and a Silica Source may be premixed to form a Zeolite gel 
prior to passing to the cavitation chamber. Where the gel 
requires heat to form, the mixture may be recycled in the 
cavitation chamber until the gel forms and the Synthesis 
results. Alternately, after cavitation, the well dispersed gel 
may be placed in a conventional autoclave where a hydro 
thermal synthesis is carried out. This method will result in 
much finer grain Zeolites after the conventional hydrother 
mal treatment. 

The process of the present invention has applicability to 
catalysts, electrolytes, piezo-electrics, Super-conductors and 
Zeolites as examples of nanostructured materials. 

The following examples show the benefit of the present 
proceSS in the production of nanosize high purity products. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

6 
Two apparatuses were used in these examples. The Model 
CaviProTM 300 is a two stage orifice system operating up to 
26,000 psi with a nominal flow rate of 300 m/min and up. 
The CaviMaxTM CFC-2h is a single orifice system operating 
up to 1000 psi with a nominal flow rate of several liters per 
minute. Both of these devices are obtainable from Five Star 
Technologies Ltd, Cleveland, Ohio. Modifications were 
made to the peripheral elements of these devices, Such as 
heat eXchangers, cooling jacket, gauges and Wetted 
materials, depending on the application contained in the 
examples. 

EXAMPLE 1. 

This example illustrates that controlled cavitation enables 
the Synthesis of an important hydrodeSulfurization catalyst 
for use in the environmental clean-up of gasoline in a 
Substantially improved phase purity as compared to conven 
tional preparations. The preparation of cobalt molybdate 
with a Mo/Co ratio of 2.42 was carried out in the CaviProTM 
processor. Different orifice sizes were used for the experi 
ment at a hydrodynamic preSSure of 8,500 psi. In each 
experiment 600 ml of 0.08M of ammonium hydroxide in 
isopropanol was placed in the reservoir and recirculated. 
While this precipitating agent was recirculated, a mixture of 
3.43 g (0.012 mol) of CoNO6H2O and 5.05 g (0.029 mol) 
(NH), Mo.O.4H2O dissolved in 50 ml of distilled water 
was metered in over 20 minutes. After the Salt Solution had 
been added, the resulting Slurry was immediately filtered 
under pressure and dried for 10 hours at 110° C. XRD 
analyses were recorded after air calcination at 325 C. 
The conventional preparation of cobalt molybdate with a 

Mo/Coratio of 2.42 was carried out in classical synthesis. In 
each experiment 600 ml of 0.08M of ammonium hydroxide 
in isopropanol was placed in a well stirred vessel. While this 
precipitating agent was stirred, a mixture of 3.43 g (0.012 
mol) of CoNO.6H2O and 5.05 g (0.029 mol) (NH) 
Mo.O.4HO dissolved in 50 ml of distilled water was 
metered in over 20 minutes. After the Salt Solution had been 
added, the resulting Slurry was immediately filtered under 
pressure and dried for 10 hours at 110° C. XRD analyses 
were recorded after air calcination at 325 C. 
The XRD pattern of the material after calcining in air 

indicates, by the high intensity of the reflection at 26.6 
degrees 20 in all of the Syntheses using cavitational 
processing, the formation of a high fraction of cobalt molyb 
date. Furthermore, the XRD of the conventional method 
demonstrated a much lower intensity peak at 26.6 degrees 
20 as well as strong reflections at 23.40 and 25.75 degrees 
20 due to separate phase MoC). Thus the present process 
produced a higher purity catalyst than found in the prior art. 

EXAMPLE 2 

The catalyst of Example 1 was repeated but at a higher 
hydrodynamic pressure of 20,000 psi. XRD patterns showed 
even higher phase purity as compared to the cavitation 
preparation in Example 1 and much better purity as com 
pared to the classical Synthesis. 

EXAMPLE 3 

The catalyst of Example 1 was prepared using a CaviMax 
processor at a lower pressure. The orifice used was 0.073 
inches diameter at 580 psi head pressure. The back preSSure 
was varied between 0–250 psig. The phase purity of cobalt 
molybdate was nearly as high as that observed in Example 
2 and much better than that observed in Example 1. It was 
much better than the conventional preparation that did not 
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use hydrodynamic cavitation. The XRD data shows that the 
application of all back pressures resulted in higher purity 
phase of cobalt molybdate as compared to the conventional 
preparation. 

EXAMPLE 4 

Example 1 was repeated using a CaviMax" processor at 
a pressure of 200–660 psi. and using orifice sizes of 0.073, 
0.075, 0.089, and 0.095 inches diameter. The phase purities 
of the catalysts were all improved. The use of an orifice 
diameter of 0.095 inches at 280 psi resulted in a Superior 
quality hydrodeSulfurization catalyst as compared to all of 
the other diameters as well as the conventional Synthesis. 

EXAMPLE 5 

This example illustrates the capability of the present 
invention to Synthesize high phase purities of cobalt molyb 
date Supported on gamma-alumina. The Synthesis of this 
material was carried out as follows: 
The preparation of cobalt molybdate deposited on 
gamma-alumina with a Mo/Co ratio of 2.42 was carried 
out in the Cavipro" processor. A cavitation generator 
having 0.009/0.010 inch diameter orifice sizes was used 
for the experiment at a hydrodynamic pressure range of 
4,000, 7,000, and 8,000 psig. In each experiment 600 
ml of a solution of 0.01.02% ammonium hydroxide in 
isopropyl alcohol (EPA) was placed in the reservoir 
along with 5.0 g of gamma-alumina, and the Slurry was 
recirculated through the processor. While this precipi 
tating agent was recirculated, 0.859 g (0.00295 mol) of 
Co(NO)6HO and 1.262 g (0.000715 mole) of (NH) 
Mo.O.4H2O dissolved in 50 ml of water was metered 
in over 20 minutes. After all of the Salt Solutions had 
been added, the resulting Slurry was recirculated 
through the processor for an additional 5 minutes. The 
Slurry was immediately filtered under preSSure and 
dried for 10 hours at 110° C. XRD analyses were 
recorded after air calcination at 350° C. for four hours. 

At all preSSures the experiment resulted in Superior phase 
purities of the active hydrode Sulfurization catalyst 
precursor, cobalt molybdate, as compared to the conven 
tional Synthesis of the same catalyst. In addition, for this 
catalyst, the optimum conditions for the generation of the 
Smallest nanostructured grains of the catalyst resulted from 
the low pressure, 4,000 psi synthesis. 

EXAMPLE 6 

The catalyst of Example 5 was prepared using Silica in 
place of alumina. The Synthesis of this material was carried 
out as follows: 

The preparation of cobalt molybdate deposited on Cabosil 
(silica) with a Mo/Co ratio of 2.42 was carried out in 
the CaviPro processor. Different orifice sizes were used 
for the experiment at a hydrodynamic pressure range of 
10,000 psi. In each experiment 600 ml of 0.0102% 
ammonium hydroxide in isopropyl alcohol (IPA) was 
placed in the reservoir along with 5.0 g of Cabosil, and 
the slurry was recirculated through the processor. 
While this precipitating agent was recirculated, 0.859 g 
(0.00295 mol) of Co(NO)6HO and 1.262 g 
(0.000715 mol) of (NH), Mo.O.4HO dissolved in 
50 ml of water was metered in over 20 minutes. After 
all of the Salt Solutions had been added, the resulting 
Slurry was recirculated through the processor for an 
additional 5 minutes. The slurry was immediately fil 
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8 
tered under pressure and dried for 10 hours at 110° C. 
XRD analyses were recorded after air calcination at 
350° C. for four hours. 

The cavitational Synthesis resulted in higher phase purity 
for cobalt molybdate deposited on Silica as compared to the 
conventionally prepared catalyst, and the use of a 0.006 and 
0.014 inch diameter orifice set led to finer nanostructured 
grains of the catalyst. 

EXAMPLE 7 

The present invention was used to Synthesize beta 
bismuth molybdate (Bi-Mo.O.), which is typical of the 
family of catalysts used for hydrocarbon partial oxidations 
Such as the conversion of propylene to acrolein or ammoxi 
dation of propylene to acrylonitrile. This Synthesis used a 
CaviMaxTM processor with four different orifice sizes in a 
low preSSure mode. The Synthesis of this material was 
carried out as follows. 

450 ml of IPA was used as the precipitating agent, and was 
placed in the reservoir. While this precipitating agent was 
recirculated, 12.83 g, 0.0264 mol of Bi(NO).5HO dis 
solved in 50 ml of 10% HNO, and 4.671 g, 0.00378 mol 
(NH), Mo.O.4HO dissolved in 50 ml of distilled water 
was metered in over 20 minutes. After all of the Salt 
Solutions had been added, the resulting Slurry was recircu 
lated through the processor for an additional 2 minutes. The 
Slurry was immediately filtered under pressure and dried for 
10 hours at 110° C. XRD analyses were recorded after air 
calcination at 350° C. 

TABLE 1. 

Variation of Grain Sizes 

Orifice Diameter (in.) Crystallite Grain Size (nm) 
O.O73 21 
O.O81 28 
O.O89 22 
O.095 11 

The cavitational Syntheses all resulted in pure phase 
beta-bismuth molybdate. Furthermore, the XRD patterns 
showed that the grain size of the particles could be varied 
over a wide range of manometer sizes by changing the 
orifice sizes. Since it is well known in the catalytic literature 
that manometer gains of catalysts often result in greatly 
accelerated reaction rates, the capability of the cavitational 
Syntheses to vary this grain size is of general importance to 
Several catalytic reactions other than hydrocarbon partial 
oxidation. 

EXAMPLE 8 

This example shows that the present invention as applied 
to the Synthesis of complex metal oxides Such as perovskites 
and ABO metal oxides results in unusually high phase 
purities not attainable by conventional methods of Synthesis. 
The synthesis of this material was carried out as follows: 
The Synthesis of La,Sr Fe0 was performed using a 

CaviMaxTM processor and using orifice sizes of 0.073, 
0.081, 0.089, and 0.095 inch diameter. 600 ml of a 1M 
Solution of NaCO in distilled water was placed in the 
reservoir, and the slurry was recirculated through the 
processor. While this precipitating agent was 
recirculated, La(NO)6HO (7.999 g, 0.0185 mol), 
Fe(NO).9HO(10.662 g, 0.0264 mol) and Sr(NO) 
(1.6755 g, 0.00792 mol) were dissolved in 100 ml of 
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distilled water and this solution was metered in over 20 
minutes. After all of the Salt Solutions had been added, 
the resulting Slurry was recirculated through the pro 
ceSSor for an additional 5 minutes. The slurry was 
immediately filtered under pressure and dried for 10 
hours at 110° C. XRD analyses were recorded after air 
calcination at 600 C. 

The XRD data showed that an orifice size of 0.095 inches 
diameter resulted in the Synthesis of nanostructured pure 
phase perovskite, Laos,Sro.2Feo Oslo, as a nanostructured 
material of 18 nm and the phase purity was much better than 
that attainable by the conventional Synthesis. 

Parallel experiments using the CaviProTM processor using 
orifice sets of 0.006/0.008, 0.006/0.010, 0.006/0.012 and 
0.006/0.014 inch diameter all resulted in completely pure 
phases of the desired perovskite containing no Separate 
phase impurities. These results were Superior to both the 
CaviMaxTM and conventional synthesis. The importance of 
this type of perovskite material is for CO oxidation in 
automotive exhaust emissions applications, for Solid State 
oxygen conductors for fuel cells applications, and for dense 
catalytic inorganic membranes used for Oxygen transporta 
tion in the reforming of methane to Syngas. 

EXAMPLE 9 

This example shows that Strain can be Systematically 
introduced into a Solid State crystallite by use of the present 
invention. The example examined the Synthesis of titanium 
dioxide using the CaviMaxTM processor and examined the 
effect of strain introduced into the TiO crystal as the orifice 
Size of the cavitation processor was Systematically changed. 
The Synthesis of this material was carried out as follows: 

100 g (0.27664 mol) Ti-Butoxide was mixed with 
2-Propanol to give a volume of 0.51 (Molarity=0.553 
mol) in a glove-box under nitrogen. This process 
yielded a clear yellowish Solution, which is stable in air. 
750 ml of deionized water was placed for a typical run 
in the reservoir of the CaviMax and circulated. 75 ml 
of the Ti-Butoxide/2-Propanol solution was added 
slowly with a feed rate of 4 ml/minute. The solution 
with the precipitated Ti-compound was circulated for 
an additional 17 minutes. Afterwards the slurry was 
high pressure filtered at 100 psi (6.9 bar). The filtrate 
was dried at 100 C. for 2 hours and then calcined at 
400° C. for 4 hours. The XRD data were taken after air 
calcination and the percent Strain was estimated from 
the Williamson-Hall method. 

TABLE 2 

Crystallite Strain 

Orifice Size (inches) Strain % 

O.O73 O.26 
O.081 O.23 
O.O89 O.26 
O.095 O.29 
O. 105 O.32 
O.115 O.33 
O.23O O.43 

As shown in Table 2, the strain content of the crystallites 
increased from 0.2% prepared with a small orifice (0.073 
inches diameter) to 0.35% prepared with a large orifice 
(0.115 inches diameter), linear with its diameter. The ability 
to Systematically alter the Strain within a crystallite is 
important due to the fact that it Systematically changes the 
chemical potential of the Surface atoms which is important 
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10 
to the application of these materials as photocatalysts and as 
optical absorbers. 

EXAMPLE 10 

The synthesis of 20% w/w Ag on titania of nanostructured 
metallic Silver was examined as a function of orifice Size, 
and the results were compared to the conventional Synthesis 
of Such metal Supported materials. The Synthesis of this 
material was carried out as follows: 

A precipitating agent consisting of 1000 ml of deionized 
water was recirculated in the CaviMaxTM processor 
equipped with a 0.075 inch diameter orifice. A 100 ml 
solution of titanium (IV) butoxide (TiO(CH-)-CH) 
in isopropyl alcohol (0.63 mol/L Ti) was added to the 
CaviMax at 4 ml/min to form a precipitate. The total 
time of precipitation plus additional recirculation was 
30 minutes. Immediately afterwards, two solutions 
were added Simultaneously to the recirculating, pre 
cipitated titanium Slurry. The first Solution consisted of 
a 250 ml silver solution of silver acetate (AgOOCCH) 
in deionized water (0.046 mol/L Ag), which was added 
at a rate of 10 ml/min. The second feed was a 250 ml 
solution of hydrazine (NH) in water (0.70 mol/L 
NH), such that the NH/Ag molar ratio was 15.0, 
which was added at a rate of 10 ml/minute. The total 
time of addition plus additional recirculation was 30 
minutes. The product was filtered, washed with water 
to form a wet cake, and then dried in an oven at 110 
C. A portion of the dried product was calcined in air for 
4 hours at 400 C. A portion of the dried product was 
Submitted for X-ray analysis and identified as Silver on 
an amorphous titanium Support. X-ray line broadening 
analysis indicated that the mean Silver crystallite size 
was 7.4 nm. A portion of the calcined product was 
Submitted for X-ray analysis and identified as Silver on 
titania. All of the titania was identified as anatase, while 
no rutile was observed. X-ray line broadening analysis 
indicated that the mean silver crystallite size was 12.0 
nm. The conventional Synthesis was performed as 
above except in a stirred 1500 ml beaker. 

The grain sizes of the Silver particles after drying the 
samples at 110° C. are shown in Table 3. This example 
shows that metallic particles deposited on reactive Supports 
Such as titania can be Synthesized in Smaller grain sizes as 
compared to parallel conventional Synthesis. Furthermore, 
when the catalysts were calcined to 400° C. in air, the silver 
particles deposited on the conventional catalyst grew to a 
much larger Size than those deposited by cavitational tech 
niques. These types of materials are important as photocata 
lysts for the destruction of toxins in waste chemical Streams. 

TABLE 3 

Grain Size of 20% WW Silver on Titania 

Grain size, dried Grain Size, Calcined 
(nm) 4OO C. 

Conventional Precipitation- 7.6 20.1 
Deposition 
CaviMax 0.115 orifice 4.7 13.4 
CaviMax 0.073 orifice 7.4 12.0 

EXAMPLE 11 

2% W/w Silver was Synthesized on alpha-alumina using 
both a cavitational Synthesis and a conventional Synthesis. 
The synthesis of this material was carried out as follows. 
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A slurry consisting of 5.00 g of aluminum oxide (alpha, 
Al-O.) in 1000 ml deionized water was recirculated in the 
CaviMax processor equipped with a 0.073 inch diameter 
orifice. Two Solutions were added to the recirculating alu 
minum oxide slurry. The first solution consisted of a ml 
solution of silver acetate (AgOOCCH) and ammonium 
hydroxide (NHH) in deionized water. The concentration of 
the silver was 0.0095 mol/L, and the concentration of 
ammonium hydroxide was 0.095 mol/L, so that the NHOH/ 
Ag molar ratio was 10.0. The silver solution was added to 
the aluminum oxide slurry at a rate of 4 ml/minute. The 
second feed was a 100 ml solution of hydrazine (NH) in 
water (0.14 mol/L NH), such that the NH/Ag molar ratio 
was 15.0, which was added at a rate of 4 ml/minute. The 
total time of addition plus additional recirculation was 30 
minutes. The product was filtered, washed with water to 
form a wet cake, and then dried in an oven at 110° C. A 
portion of the dried product was submitted for X-ray analy 
sis and identified as Silver on alpha alumina. Conventional 
Synthesis was performed in the same manner as above 
except in a stirred 1500 ml beaker. 

The data in Table 4 show that the cavitational synthesis 
using an orifice size of 0.073 in. diameter and a 10/1 
NHOH/Agratio resulted in much Smaller grain sizes of Ag. 

TABLE 4 

Grain sizes (nm) of 2% Ag/Al2O3 synthesis 

2% Ag/titania 
Conventional Synthesis 
CaviMax 0.073 in. dia. 

10:1 NHOH:Ag 
20.9 mm grains 
14.0 nm grains 

The present invention was utilized for the synthesis of 
nanostructured particles of gold Supported on titanium oxide 
(TiO). The synthesis of this material was carried out as 
follows: 
A precipitating agent consisting of 650 ml of deionized 

water was recirculated in the CaviMaxTM processor 
equipped with a 0.075 inch diameter orifice. A 100 ml 
solution of titanium (IV) butoxide (TiO(CH-)-CH) 
in isopropyl alcohol (0.88 mol/L Ti) was added to the 
CaviMaxTM at 4 ml/minute to form a precipitate. The 
total time of precipitation plus additional recirculation 
was 37.75 minutes. Immediately after, two solutions 
were added Simultaneously to the recirculating, pre 
cipitated titanium Slurry. The first Solution consisted of 
a 1000 ml gold solution of chloroauric acid (HAuCl 
3H2O) in deionized water (0.0073 mol/L Au), which 
was added at a rate of 4.7 ml/minute. The second feed 
was a 100 mm solution of hydrazine (NH) in water 
(0.12 mol/L NH), such that the NH/Au molar ratio 
was 16.7, which was added at a rate of 0.4 ml/minute. 
The total time of addition plus additional recirculation 
was 3.62 hours. The product was filtered, washed with 
water to form a wet cake, and then dried in an oven at 
110° C. A portion of the dried product was calcined in 
air for 4 hours at 400° C. A portion of the calcined 
product was Submitted for X-ray analysis and identified 
as gold on titania (anatase). X-ray line broadening 
analysis indicated that the mean gold crystallite size 
was 7.5 nm, and that the mean anatase crystallite size 
was 12.9 nm. Conventional Synthesis was prepared in 
the manner above except in a stirred 1500 ml beaker. 

The data in Table 5 shows that cavitational processing 
during the Synthesis of 2% W/w of gold on titania results in 
Systematically decreasing, grain sizes into the very Small 
manometer Size range. This example shows that the com 
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12 
bination of orifice Size Selection and process parameters 
afford a control of grain sizes not possible with conventional 
Synthesis. 

TABLE 5 

Grain size as a function gold solution volume 

Volume of HNNH, Titania 
Gold conc. Au Soln. feed rate grain size Gold grain 
(mol/L) (mL) (mL/min) (nm) size (nm) 
O.O145 50 8.0 12.5 78.6 
O.OO73 1OO 4.0 11.6 33.6 
O.OO36 2OO 2.O 11.4 27.9 
O.OO18 400 1.O 12.O 16.0 
O.OOO7 1OOO 0.4 12.9 7.5 

Where cavitation Synthesis gave a 16 nm Au grain size, 
conventional Synthesis resulted in a grain size of 25 nm. 
Where cavitation Synthesis gave a 7.5 nm Au grain size, 
conventional Synthesis gave a grain size of 23 nm. 

EXAMPLE 13 

The present invention was used to Synthesize commer 
cially important piezoelectric Solid State materials in very 
high phase purities at low thermal treating temperatures. 

TABLE 6 

Preparation of PZT in different stoichiometries 

Ratio Zr:Tl ZrBut Iml TIBut Iml Sum formula 

30:70 15 35 Pb(ZrTi2)Os 
40:60 2O 3O Pb(Zro-Tios)Os 
50:50 25 25 Pb(ZrosTios)Os 
60:40 3O 2O Pb(ZrosTio)Os 

Four solutions were prepared to synthesize PZT 105.95g 
(0.279 mol) Pb(II)acetate trihydrate (PbAc) were dissolved 
in 1000 ml purified water. 100 g (0.279 mol) Ti-Butoxide 
(Ti But, 97%) were diluted with 2-Propanol to 500 ml . 
132.58 g (0.279 mol) Zr-Butoxide-Butanol-Complex 
(ZrBut, 80%) was diluted with 2-Propanol to 500 ml. 2.74 
g (0.0285 mol) of ammonium carbonate (Amm) was solved 
for each run in 350 ml water to give a 0.0814M solution. The 
detailed Stoichiometric information for this Series is given in 
Table 6. The ammonium carbonate Solution was placed in 
the reservoir and circulated. The Zr and Ti Solutions were 
combined and fed at a rate of 2.5 ml/minute into the 
reservoir Stream at a position just before the inlet to the high 
preSSure, pump. The Pb-acetate Solution was co-fed with a 
rate of 5 ml/minute. All of the metal containing components 
immediately precipitated and were drawn into the high 
preSSure Zone of the cavitation processor and then passed 
into the cavitation generation Zone. All Samples were dried 
over night and calcined in three steps for four hours at 400 
C., 500° C. and 600° C. 
XRD patterns illustrated that above a calcination tem 

perature of 500 C. only the pure perovskite phase is formed 
with no lead oxide or zirconium oxide impurities. The XRD 
patterns contains Some finer crystallites of this material 
appearing as a broad band centered at 30 degrees 20. This 
material disappears from the composition after calcination to 
600° C. 

Furthermore, this type of material showed a much higher 
phase purity than the classical method of preparation in 
which only vigorous mechanical Stirring was done during 
the co-precipitation step. The data in FIG. 1 illustrates that 
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the hydrodynamic cavitation technique enables the Synthesis 
of piezoelectries in compositions having a very high degree 
of strain built into the individual crystallites. Furthermore, 
FIG. 1 shows that the degree of strain can be systematically 
introduced into the crystals as a function of the type of 
orifice used in the Synthesis. It was found that the degree of 
Strain introduced by cavitation was much greater than that 
found in a classical method of piezoelectric Synthesis of the 
Same composition. 

The data in FIG. 2 illustrates the advantage of cavitational 
processing in PZT Synthesis by a direct comparison to a 
classical co-precipitation Synthesis. The top XRD pattern in 
FIG. 2 resulted from a cavitational preparation after 600 C. 
air calcination. The lower figure resulted from a classical 
co-precipitation carried out using the same Synthesis proce 
dure except that only high Speed mechanical Stirring was 
used in the co-precipitation Step rather than cavitational 
processing. A comparison of the two XRD patterns shows 
that the classical pattern has a Substantial fraction of Separate 
phase lead oxide while the cavitational preparation has no 
Secondary phase in its composition. This higher phase purity 
is exceptionally important to the functioning of the materials 
as a piezoelectric device. 

EXAMPLE 1.4 

The present invention was utilized for the synthesis of fine 
particles of pure metallic particles in a Slurry where the grain 
Size can be altered depending upon the orifice sizes being 
used. The data in Table 7 illustrates the capability to form 
nanostructured grains of finely divided metals typically used 
commercially to hydrogenate aromatics and functional 
groups on organic intermediates in fine chemical and phar 
maceutical chemical processes. The Synthesis of this mate 
rial was carried out as follows: 

Hexachloroplatinic acid was dissolved 0.465 g in 50 ml 
isopropanol. This platinum Solution was fed to a stirred 
Erlenmeyer flask, containing 0.536 g hydrazine 
hydrate, 54.7% Solution in 50 ml isopropanol. The 
platinum solution feed rate was 5 ml/minute. Directly 
following the platinum reduction, the Solution was fed 
to the CaviPro processor, and processed for 20 minutes, 
after which time the XRD of the dried powders were 
measured. 

TABLE 7 

Effect of pressure and orifice sizes on the synthesis of 
nanostructured platinum 

Orifice set Pressure Pt metal grain size (nm) 

.004f.014 25,000 psi 3.9 

.004f.006 25,000 psi 3.7 

.004f.014 15,000 psi 4.1 

.004f.006 15,000 psi 3.9 
Classical 14.7 psi 5.4 

EXAMPLE 1.5 

The process of the present invention was used to fabricate 
the commercially important Silver on C-alumina catalysts 
used in the production of ethylene oxide from the partial 
oxidation of ethylene. The data in Table 8 illustrates the 
XRD determined grain sizes of the silver particles which had 
been deposited onto c-alumina during the cavitational Syn 
thesis in which the Silver was reduced in a cavitation 
experiment and then deposited onto the C-alumina in water 
using classical techniques. The data shows that changing the 
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14 
orifice sizes used in each experiment can alter the grain size 
of the silver. The characteristics of the different orifice sizes 
are expressed as the throat cavitation numbers calculated for 
each experiment, which is a common reference for the 
occurrence of cavitation in flowing fluid Streams. Using this 
method of characterization, the cavitation generated in the 
metal Synthesis Stream is higher as the throat cavitation 
numbers decreases. 
The synthesis of this material was carried out as follows: 
2% Silver on C-alumina was prepared by the reduction of 

Silver acetate using hydrazine. This reduction was 
conducted in the CaviProTM processor at a pressure of 
15,000 psi, followed by a classical adsorption/ 
deposition of an aqueous Slurry of Silver particles onto 
an alpha-alumina Support. The number of passes of the 
medium for each consecutive experiment was fixed, 
and the feed flow rates and processing time were 
adjusted accordingly. The total number of passes for 
this Series of experiments was held constant at 17.6. 
Experiments were conducted at varying throat cavita 
tion number, by varying the Size of the first orifice. 

TABLE 8 

Variation in silver particle grain sizes 

Throat Cavitation Number 
Orifice Sets infin. (calculated) Silver Grain size (nm) 

O.OO5/O.O14 3.07 16.OO 
O.OO7/O.O14 4.36 21.00 
0.009/0.014 5.46 19.20 
O.O11/O.O14 7.93 17.30 

EXAMPLE 16 

The degree of calcination was examined when using the 
present invention. Four Separate Samples of Solid ammo 
nium molybdate were calcined for four hours in air to 100 
C., 175°C.,250° C. and 325°C. respectively. XRD data was 
then taken for each Sample. A Sample of ammonium molyb 
date was dissolved in water and fed into an isopropyl alcohol 
Solution (the precipitation agent) just before it passed into a 
CaviProTM processor using a 0.012/0.014 inch orifice set. 
This sample was then filtered and dried at 100° C. XRD data 
was then obtained for this sample. A comparison of the XRD 
patterns showed that the sample generated from the present 
invention had a degree of calcination greater than the Sample 
calcined at 100° C., and about equal to that of the 175 C. 
Sample. Considering the residence time of milliseconds for 
the present invention as compared to 4 hours for the con 
ventional method, the use of the present invention resulted 
in Some in Situ thermal calcination. 
We claim: 
1. A process for the preparation of nanostructured mate 

rials in high phase purities comprising: 
a) mixing a metal containing Solution with a precipitating 

agent to form a mixed Solution that precipitates a 
product; and 

b) passing the mixed Solution at elevated pressure into a 
cavitation chamber to create cavitation thereby forming 
a cavitated precipitated product, Said cavitation cham 
ber includes: 
i) means for creating a cavitation Zone, and 
ii) means for controlling said cavitation Zone by pro 

Viding adjustable back pressure within Said cavita 
tion Zone. 

2. The process of claim 1, wherein at least Some precipi 
tation of the mixed Solution occurs in Step (b). 
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3. The process of claim 1, wherein both high shear and at 
least Some in Situ calcination of the mixed Solution occur in 
the cavitation chamber. 

4. The process of claim 1, wherein Said means for creating 
Said cavitation Zone includes a first element internally situ 
ated within a flow-through channel having a flow area 
wherein Said first element produces a local constriction of 
the flow area, Said cavitation Zone is formed immediately 
after Said first element. 

5. The process of claim 1, wherein Said cavitation cham 
ber further comprises means for creating a Second cavitation 
Zone to produce a multi-stage process. 

6. The process of claim 5, wherein Said means for creating 
Said Second cavitation Zone includes a Second element 
internally situated within Said flow-through channel having 
a Second flow area downstream of Said first element wherein 
Said Second element produces a Second local constriction of 
the Second flow area, Said Second cavitation Zone is formed 
immediately after Said Second element. 

7. The process of claim 6, wherein said means for 
controlling Said cavitation Zone is varying the distance 
between the first and Second element to provide adjustable 
back pressure within Said cavitation Zone. 

8. The process of claim 6, wherein said means for 
controlling Said cavitation Zone is the Second local constric 
tion produced downstream of said first element thereby 
providing adjustable back pressure within Said cavitation 
ZOC. 

9. The process of claim 6, wherein said cavitation cham 
ber further comprises means for controlling Said Second 
cavitation Zone to produce a multi-stage process. 

10. The process of claim 9, wherein said means for 
controlling Said Second cavitation Zone includes a third 
element internally situated within Said flow-through channel 
downstream of Said Second element to produce a third local 
constriction downstream of Said Second element thereby 
providing adjustable back pressure within Said cavitation 
ZOC. 

11. The process of claim 4, wherein said means for 
controlling Said cavitation Zone includes a Second element 
internally situated within Said flow-through channel down 
Stream of Said first element to produce a Second local 
constriction thereby providing adjustable back pressure 
within Said cavitation Zone. 

12. The process of claim 11, wherein said means for 
controlling Said cavitation Zone creates an elevated pressure 
Zone between Said cavitation Zone and Said Second local 
constriction. 
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13. The process of claim 11, wherein said second element 

is a control valve. 
14. A process for the preparation of nanoStructured mate 

rials in high phase purities comprising: 
a) mixing a metal containing Solution with a precipitating 

agent to form a mixed Solution that precipitates a 
product; and 

b) passing the mixed Solution at elevated pressure and at 
a Velocity into a cavitation chamber to create cavitation 
thereby forming a cavitated precipitated product, Said 
cavitation chamber includes: 
i) means for creating a cavitation Zone, and 
ii) means for controlling said cavitation Zone by pro 

Viding back preSSure within Said cavitation Zone. 
15. The process of claim 14, wherein at least some 

precipitation of the mixed Solution occurs in step (b). 
16. The process of claim 14, wherein both high shear and 

at least Some in Situ calcination of the mixed Solution occur 
in the cavitation chamber. 

17. The process of claim 14, wherein said means for 
creating Said cavitation Zone includes a first element inter 
nally situated within a flow-through channel having a flow 
area wherein Said first element produces a local constriction 
of the flow area, Said cavitation Zone is formed immediately 
after Said first element. 

18. The process of claim 14, wherein the velocity of the 
mixed Solution passing into the cavitation chamber is at a 
velocity sufficient to create cavitation bubbles to form 
downstream of the first element. 

19. The process of claim 17, wherein said means for 
controlling includes a Second element internally situated 
within said flow-through channel downstream of said first 
element to produce a second local constriction thereby 
providing back pressure within Said cavitation Zone to create 
an elevated preSSure Zone between Said cavitation Zone and 
Said Second local constriction. 

20. The process of claim 19, wherein the cavitation 
bubbles are formed in Said cavitation Zone and the cavitation 
bubbles collapse in the elevated pressure Zone. 

21. The process of claim 20, wherein the second element 
provides adjustable back preSSure within Said cavitation 
Zone to control Said elevated pressure Zone. 

22. The process of claim 21, wherein the Second element 
is a control valve. 

23. The process of claim 14, further comprising a Second 
cavitation chamber situated in Series with Said cavitation 
chamber. 


